A total of 106 actinomycete strains representing 40 genera were studied to gain a better understanding of their intra-and intergeneric relationships by examining the types of acyl groups on the muramyl residues of the peptidoglycans in a glycolate test. The glycolyl type was found in about 43% of the actinomycete strains examined. These strains were distributed in the following two characteristic taxa: the actinoplanetes and their relatives, including species of the genera Actinoplanes, Catellatospora, Couchioplanes, Dactylosporangium, Glycomyces, Micromonospora, and Pilimelia; and the nocardioforms and species of the related genera Gordona, Nocardia, Rhodococcus, Tsukamurella, and Mycobacterium. Only glycolyl type bacteria were found to be present among the strains of these genera tested, except for a few doubtful strains. In contrast, the acetyl type was found extensively in bacteria belonging to the families Pseudonocardiaceae, Streptomycetaceae, Streptosporangiaceae, and Thermomonosporaceae and other taxa. The pattern of acyl type distribution among the actinomycetes correlates very well with the cell wall chemotype sensu Lechevalier and Lechevalier; that is, the chemotype I and I11 genera were all acetyl type taxa, the chemotype I1 genera were glycolyl type taxa, and the chemotype IV genera were split into a glycolyl, mycolate-containing group and an acetyl, non-mycolate group. We discuss the idea that combination of both the acyl type system and the cell wall chemotype system should provide a more useful tool for taxonomy of members of the order Actinomycetales.
a disaccharide unit, an N-acetylglucosaminyl-~-l,4-N-acetylmuraminyl residue, and a short peptide portion that cross-links the glycan strands and is composed of several amino acids having different compositions and sequences. The chemical characteristics of the peptide moiety have been used extensively as some of the most useful criteria for classification of bacteria (31, 32, 47) , but the characteristics of the glycan moiety were thought to be identical in most microorganisms. Petit et al. (41) and Adam et al. (1) found a variation of the acyl form, N-glycolylmuramic acid, in the muramyl residue of the peptidoglycan of Mycobacterium smegmatis. Variation in the sugar structure was found in the cell walls of some other mycobacteria (3) and nocardiae, such as Nocardia asteroides, but not in "Nocardia mediterranei" or "Nocardia piracicabensis" (5, 20) . These findings suggest that variation in the chemical structure of the glycan part of the cell wall could be a new criterion which has taxonomic importance for microorganisms. Chemical analysis of the peptidoglycan, however, requires laborious procedures, such as purification of cell walls and several enzymatic digestions, followed by chromatographic separation and mass spectrometry or other analyses with instruments. Such procedures are hardly applicable to characterization of many bacterial strains, especially for taxonomic purposes.
Uchida and Aida (57, 58) developed a simple method for distinguishing the acyl type of bacterial peptidoglycans. This method was based on the following results and considerations. (i) In whole-cell acid hydrolysates of mycobacteria and nocar-diae, a considerable amount of glycolic acid (more than 40 nmol/mg of cells) could be detected by a simple colorimetric method. (ii) Of several cell components, the cell wall was the sole source of glycolic acid. (iii) The amount of glycolic acid determined was equivalent (in terms of molar ratio) to the amount of the other component of the peptidoglycan (e.g., glucosamine, muramic acid, meso-diaminopimelic acid, D-glutamic acid, etc.). (iv) The glycolyl residue occurred in the N-acyl form but not in the O-acyl form. And (v) No glucosamine derivative that includes a glycolyl group has been found in bacterial cells. Thus, it is assumed that when a significant amount of glycolic acid is found in a bacterial cell hydrolysate, the bacteria possess N-glycolylmuramic acid as a constituent of the peptidoglycan in the cell wall. Meanwhile, the test does not give any color for the cell hydrolysates of strains of Actinomadura madurae, Streptomyces rimosus, and many other actinomycete strains which can be interpreted as having ordinary N-acetylmuramic acid as a cell wall constituent.
In this study, we examined various actinomycete strains belonging to about 40 genera to clarify their intra-and intergeneric relationships by determining the acyl types of muramic acid and found that the acyl type is the same for bacteria within a genus and also within a family. Chemicals. Sodium glycolate was used in preparation of standard solution for glycolic acid determination. Sulfuric acid (G grade, >96%) and 2,7-dihydroxynaphthalene were products of Kanto Chemicals Co. (Tokyo) . (The quality of sulfuric acid was important for clear determination of glycolic acid in this experiment. Some commercially available products of sulfuric acid gave a red color by heating at 100°C with 2,7-dihydroxynaphthalene in the absence of glycolic acid, and another one gave a stable purple color at room temperature.)
Glycolate test. The glycolate test used was essentially the test described previously (59) . Briefly, 10.0 mg of lyophilized bacterial cells was hydrolyzed with 100 pl of 6 N HCl in a tightly sealed glass tube at 100°C for 2 h. The total cell hydrolysate was transferred with a Pasteur pipette onto a Dowex 1 X 8 resin column (acetate form; 200 to 400 mesh; bed diameter, 5 rnm; bed height, 50 mrn; about 300 mg [dry weight] of resin) with a sintered no. 2 pore type glass disk at the bottom of the glass column. The glass tube and the pipette were rinsed with 0.4 ml of distilled water, and the wash water was also put on the column described above. After the column was rinsed successively with 2 ml of distilled water and 1 ml of 0.5 N HC1, it was eluted with 2 ml of 0.5 N HCI. The final 2 ml of solution was collected as the total glycolic acid fraction. A 0.1-ml aliquot of the sample solution was placed into a dried culture tube (Pyrex glass; diameter 16 mm; length, 125 mm) and mixed well with 2 ml of a 0.02% solution of 2,7-dihydroxynaphthalene in concentrated H,SO,, and then the tube was capped (the inside of the cap was covered with Teflon-coated film to avoid artificial coloring). The tube was heated at 100°C for 10 min to obtain full color development. After cooling in tap water, the solution was carefully diluted with 1.9 ml of 2 N H,SO, (to reduce the viscosity and avoid any problems with the concentrated sulfuric acid). The clear red color was measured photometrically at 530 nm, and the amount of glycolic acid was expressed as nanomoles per milligram of dried bacterial cells.
Preparation of cell walls. Bacterial cells (100 nig, dry weight) were suspended in 25 ml of 10% trichloroacetic acid and heated in a boiling water bath for 20 rnin. After centrifugation at 7,500 X g for 15 min, the precipitate was washed twice with 50 ml of distilled water, suspended in 10 ml of 100 rnM phosphate buffer (pH 8.0) containing trypsin (2,000 U/g; Sigma) at a concentration of 1 mg/ml, and then incubated at 40°C for 2 h on a shaker. The reaction mixture was centrifuged, and the resulting fluffy precipitate was washed well with distilled water, lyophilized, and used for cell wall preparation.
RESULTS
Forty-six of the actinomycete strains tested showed a clear red color in the glycolate test. A quantitative analysis revealed that the color intensity corresponded to more than 40 nmol of glycolic acid per mg of dried bacterial cells (Table 1) . This means that these strains possess cell walls of the N-glycolylmuramic acid type (57) . Microorganisms of this type are distributed in two major groups, the actinoplanetes and the nocardioforms (Table 1 ). The first group contains all 11 species of the genus Actinoplanes (including 4 species with unapproved names) with glycolyl residues in their muramic acids. The same acyl type was found in all of the test strains belonging to the following genera: Catellatospora, Glycomyces, Micromonospora, Pilimelia, and Dactylosporangium (except "Dactylosporangium variesporum" JCM 3273, the taxonomic position of which is doubtful because of the lack of sporangiospore formation). In addition, 21 of 22 species belonging to the genera Gordona, Mycobacterium, Rhodococcus, Tsukamurella, and Nocardia were shown to have the glycolyl type; the only exception in this group, "Nocardia italica" JCM 3163, which was determined to be an acetyl type organism, was considered misidentified, as described below (19). The amounts of glycolyl residues in species belonging to the genera Pilimelia and Glycomyces were nearly twice the amounts in the rest of the glycolyl type organisms. These results led us to assume that not only muramic acid but also glucosamine residues may be acylated with glycolyl groups. Then we tried to determine the amounts of acetic acid and glycolic acid in cell wall hydrolysates of Glycomyces rutgersensis IF0 1448gT and Mycobacterium smegmatis IAM 1206.5 by chromatography. The analysis indicated that the two acids occurred in identical molar ratios in the hydrolysates of the two species (data not shown). This suggests that the strains of the genus Glycomyces should also contain the N-acetylglucosaminyl-N-glycolylmuramyl peptidoglycan, which is found in typical strains of the genera Mycobacterium and Nocardia (1, 3, 20, 41) . Several other strains produced measurable amounts of red color corresponding to about 5 to 10 nmol of glycolic acid per mg of dried cells (Table 1) . Glycolate tests were carried out with the bacterial cell walls of these strains to determine the presence partially glycolylated muramic acid. It became clear that the cell wall hydrolysates of these bacteria contained no appreciable amounts of glycolyl residues, in contrast to a typical glycolyl type organism, Nocardia asteroides JClU 3384T, which as expected contained more glycolyl in the cell wall than in whole cells (Table 2 ). This means that any significant constituent that includes a glycolyl group does not occur in the cell walls of the ambiguous strains. Hence, these bacteria should be classified as acetyl type organisms. Thus, only the acetyl type was found in the following genera: Streptomyces, Herbidospora, Microtetraspora , Plano bispora , Planomonospora , Streptosporangium , Actinomadura, Thermomonospora, Actinopolyspora , Amycolata, Amycolatopsis, Kibdelosporangium, Kutzneria, Pseudonocardia, Saccharomonospora, Saccharothrk, Dematophilus, Geodemzatophilus, Nocardioides, Cellulomonas (formerly Oerskovia ) , Actinosynnema , Intrasporangium , Kineosporia , Nocardiopsis, Sporichthya, and Tewabacter. These results indicate that the N-acyl forms on the muramyl residues of peptidoglycans are the same within a genus and are homogeneous at the family level, as discussed below.
DISCUSSION
The acyl forms of the muramyl residues in the peptidoglycans of several groups of actinomycetes were studied to determine the similarities among the taxa (10, 25, 48, 53) . A previous study by Uchida and Aida (58) showed that bacteria that have cell walls of the glycolyl type are widely distributed among the genera Gordona, Mycobacterium, and Nocardia arid several coryneform taxa. Kawamoto et al. found that cell wads of the glycolyl type occur in most strains of the genera Actinoplanes and Micromonospora and related bacteria (23), as well as in strains of the genus Catellatospora (2). Recently, Yoklota et al. (63) and Tamura et al. (56) found that the genera Catenuloplanes and Couchioplanes have characteristic cell wall!; containing lysine as the diamino acid, type D whole-cell sugars, and muramic acid of the N-glycolyl type. The N-acetyl type of acid was found in strains belonging to the genera Herbidospora (28) and Dietzia (43) . These results indicate that characterization of the acyl type is valuable for taxonomic studies of actinomycetes. In this paper, we show that there is a clear relationship between the N-acyl forms in the muramyl residues of peptidoglycans and actinomycete taxa at the genus and family levels in the order Actinomycetales (Table 3 ).
In the peptidoglycans of several bacilli (22) and Rhrodopseudomonas viridis (49) , the glucosaniine residues lack N-acyl substitution for 20 to 80% and at least 70% of the residues, respectively. In a previous paper, we reported that Gordona tewae AJ 918ST (= JCM 3206T = ATCC 25594T) and several related strains had cell walls of the glycolyl type, but that the expression of this characteristic was markedly deceased when 1% glycerol was added to the culture medium. The cells harvested up to the mid-logarithmic growth phase gave a poor red color in the glycolate test. This phenomenon is still not fully understood. In this study, we found several actinomycetes that produced a weak red color in the test which could not be ignored (up to about 10 nmol of glycolic acid/mg of cells), although the bacteria were cultured in a medium without glycerol. Further examination, however, ruled out the possibility that this color reflected another glycolyl type (that is, that the organisms had an incomplete N-glycolylated muramic acid in their cell walls) ( Table 2 ). On the other hand, the Glycomyces '' The acyl type was confirmcd by performing an analysis with cell wall preparations ( Table 2) .
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Strain used as a reference for the glycolyl type of bacteria. Strains used as references for the acetyl type of bacteria.
and Pilimelia strains exhibited considerably more glycolic acid in their whole-cell hydrolysates (Table 1) . As mentioned above, it was not the case that the amino groups of both muramic acid and glucosamine residues in the peptidoglycans were substituted with a glycolyl group, respectively. Consequently, it is not necessary to consider the occurrence of any other acyl type of bacterial peptidoglycans besides the two types which are known as the acetyl type and the glycolyl type.
As Table 1 shows, only the acetyl type was found in all six Streptomyces strains tested, in all seven Amycolatopsis strains tested, and in the following genera: Microbispora, Pseudonocardia, Streptosporangium, Thermomonospora, Actinomadura, Actinopolyspora, Amycolata, Cellulomonas, Microtetraspora, Nocardioides, Nocardiopsis, Saccharomonospora, and Saccharopolyspora. All of the Actinoplanes, Catellatospora, Glycomyces, Gordona, Micromonosporu, Pilimelia, Rhodococcus, and Mycobacterium strains examined possessed N-glycolylmuramic acid in their cell walls. These results prove that the acyl type of cell wall is the same for the strains of a genus. In the genus Nocardia, "Nocardia italica" JCM 3163 (= IMRU 3856) had an acetyl type different from the acyl type of the other strains of the genus. Later, we noticed that this strain had been reidentified as Streptomyces griseus subsp. griseus by Gordon and Horan (19) , but there has been no detailed investigation. Our results suggest that the transfer was reasonable. Another unapproved nocardioform, "Nocardia salmonicida" JCR4 4826T, was a glycolyl type organism, which is consistent with the finding that this strain exhibits considerable DNA complementarity (57%) with Nocardia asteroides JCM 3384T (27).
Strains containing mycolic acid and having chemotype IV cell walls are widely distributed in the genera Coiynebacterium, Dietzia, Gordona, Mycobacterium, Nocardia, Rhodococcus, and Tsukamurella (13, 30, 31) . On the basis of 16s ribosomal DNA sequence data, workers have proposed that these actinomycetes form a monophyletic group which could be called an enlarged Coiynebacterium-Mycobacterium-Nocardia (CMN) group (42, 45, 46) or the family Mycohacteriaceae (39) . However, strains of the genus Coiynebacterium have several chemical properties that are different from the properties of the other genera of the group, such as the presence of N-acetylmuramic acid and phospholipid type I instead of type 11, a shorter chain length for the mycolic acid, and a lack of 10-methylstearic acid (13, 14, 16, 17, 30, 31, 53, 58) . Goodfellow described the family Nocardiaceae, which encompasses the genera Gordona, Nocardia, Rhodococcus, and Tsukamurella, on the basis of chemical and numerical studies (16), and the genus Coiynebacterium and the genus Mycobacterium were each placed in a separate family. This placement was supported by the partial sequences of 16s rRNA genes (8). By sequencing ribosomal protein AT-L30, Ochi found a remarkable profile for the phylogenetic relationship between these actinomycete groups (37) . The analyses indicated that the taxa were distinctly separated into two clusters, one consisting of the genera Nocardia, Rhodococcus, Gordona, and Tsukamurella and the other comprised of the strains of the genus Coiynebacterium and Mycobacterium, with rather weak similarities. This profile was considered entirely consistent with the relationship between the family Nocardiaceae as emended by Goodfellow and the other two families. We stress that our results regarding the acyl type are in accordance with the intrageneric relationships of the actinomycete groups. The described discrepancy in the phyletic relationship of the CMN group should be resolved by more comprehensive studies.
The family Micromonosporaceue (18) comprises the following genera: Actinoplanes, Dactylosporangium, Micromonospora, Pilimelia, Catellatospora (3) , and Glycomyces (29). These genera share many chemical characteristics, such as cell wall che- (56, 63) . This study revealed that only the glycolyl type is present in all members of the family. The species of the genera Catenuloplanes and Couchioplanes are located at positions closely related to those of the genera Actinoplanes and Dactylosporangium on a phylogenetic tree constructed by a comparative analysis of 16s rRNA gene sequences (56); nevertheless, they contain lysine as a characteristic amino acid in their cell walls. In contrast, N-acetylmuramyl type cell walls were found in all of the strains tested belonging to the family Pseudonocardiaceae (6, 12, 24, 35, 60) , which is comprised of the genera Actinopolyspora, Amycolata, Amycolatopsis, Kibdelosporangium, Pseudonocardia Saccharomonospora, and Saccharopolyspora, and also in all of the strains tested belonging to the family Streptosporangiaceae ( 1 9 , which is comprised of the genera Microbispora, Microtetraspora, Planobispora, Planomonospora, Streptosporangium, and Herbidospora (28). Although there is little biochemical data on the mechanism of N-glycolylation of the muramyl residue in peptidoglycans, it has been suggested that an aerobic biosynthetic process requiring molecular oxygen is probably involved in the UDP-N-glycolylmuramic acid formation step during peptidoglycan biosynthesis (40, 50, 54) . The suggested properties may explain why glycolyl type peptidoglycan rarely occurs in strains belonging to the families Cellulomonadaceae (44, 52) , Dermatophilaceae (51) , and Frankiaceae (4, 21, 34) and presumably does not occur in anaerobic actinomycetes, such as the strains belong to the family Actinomycetaceae (7). It is known that acetyl type cell walls form in bacteria belonging to the genera Agromyces, Clavibacter, and Curtobacterium (9, 58), while glycolyl type walls form in bacteria belonging to the genera Aureobacterium and Microbacterium (55, 58) . Park et al. (38) proposed that the family Microbacteriaceae should accommodate the actinobacterial group on the basis of the primary and secondary structures of the 5s rRNA and the type B peptidoglycans. This family is different from other families because it contains both acetyl type genera and glycolyl type genera when the N-acyl formation of muramic acid is considered. Further studies will be required to resolve the suprageneric relationships among the actinobacteria.
The present study also revealed that there is a close relationship between the acyl type of cell walls and the chemotype sensu Lechevalier and Lechevalier (32) (Table 4 ). All wall chemotype I actinomycetes (LL-diaminopimelic acid and glycine) belong to several genera, including the genera Intrasporangium, Kineosporia, Nocardioides, Sporichthya, Terrabacter, and Streptomyces. All of these organisms have acetyl type muramyl residues in their peptidoglycans. The acetyl type was also found in all wall chemotype I11 organisms, which are differentiated from other types of bacteria by the presence of mesodiaminopimelic acid and by having no common characteristic sugar. In contrast, only the glycolyl type was found in wall chemotype I1 actinomycetes; wall chemotype I1 is characterized by the presence of meso-diaminopimelic acid, glycine, arabinose, and xylose. The wall chemotype IV actinomycetes were split into glycolyl and acetyl groups. The former consisted of the genera Gordona, Nocardia, Rhodococcus, Tsukamurella, and Mycobacterium, all of which contain mycolic acids in their cells, and the latter was comprised of non-mycolate-containing taxa, such as the genera Actinopolyspora, Amycolata, Amycolatopsis, Kibdelosporangium, Pseudonocardia, Saccharomonospora, and Saccharopolyspora. Of bacterial cell wall components, the acyl type correlates with the glycan part, and wall chemotype sensu Lechevalier and Lechevalier correlates mostly with the peptide part. We believe that a criterion incorporating all of these chemical characteristics should result in a more useful system for identification and classification of actinomycetes and related microorganisms. VOL. 47, 1997 
